
ABSTRACT

Calorie restriction(CR),oradietmodificationaimingtoreduce
the total intakeof caloriesby20%–40%,hasbeenshownto in-
crease longevity across multiple species. Recently, there has
been growing interest in investigating the potential role of CR
as a treatment intervention for age-related diseases, such as
cancer, because an increasing body of literature has demon-
stratedametaboliccomponent tobothcarcinogenesisandtu-
morprogression. In fact,manyof themolecularpathways that
are altered with CR are also known to be altered in cancer.

Therefore, manipulation of these pathways using CR can ren-
der cancer cells, and most notably breast cancer cells, more
susceptible to standard cytotoxic treatment with radiation
and chemotherapy. In this review article we demonstrate the
laboratory and clinical evidence that exists for CR and show
compelling evidence through the molecular pathways CR in-
ducesabouthowitmaybeusedasa treatment in tandemwith
radiation therapy to improve our rates of disease control. The
Oncologist2013;18:97–103

Implications for Practice: Dietary manipulation via caloric restriction (CR) has been shown to decrease the incidence of cancer
and enhance cancer treatment. CR affects several molecular pathways, such as the insulin and AMP-kinase pathway, which are
also known to enhance the effectiveness of radiation therapy in preclinical studies. These pathways are a source of interest, as
they are targeted by several current anticancer agents currently being used in clinical trials. Therefore, CR may provide a cost-
effective addition to current treatmentmodalities that enhances cancer therapywhileminimizing side effects, andmay improve
metabolic profiles during survivorship. CRmay be unsuitable for some cancer patients, but it has been shown to decrease treat-
ment side effects, andmay be efficacious in cancer subtypeswhose outcomes appear to correlatewithmetabolic status, such as
breast cancer. SinceCRmayprovidea therapeutic intervention that enhances current standard cancer therapy suchas radiation,
and decreases treatment toxicity, clinical trials are nowwarranted.

INTRODUCTION

Calorie restriction (CR) is, to date, the onlymodality proven to
increase longevityacrossmultiple species.Recently, therehas
been growing interest in investigating the role of nutrient de-
privationasatreatment interventionforage-relateddiseases,
including cardiovascular disease, diabetes, ocular disease,
and cancer [1]. Evidence suggests a metabolic component to
cancer that would make CR an attractive therapy to be com-
binedwith conventional treatment, such as radiation therapy
(RT).

CR is a diet modification that aims to reduce total caloric
intake to a level 20%–40% lower than that of a typical diet,

without limitingessential vitaminsandnutrients [2].CRcanbe
achieved through overall dietary reduction (DR) or by inter-
mittent fasting (IF) [3]. CR has been further shown to induce
changes in molecular pathways, many of which are also al-
tered in cancer, making CR an attractive modality to explore.
Altering these pathways can leave cells more susceptible to
treatmentwithRT.Theprimaryobjectiveof thisarticle is to re-
view the laboratory and clinical evidence supporting the role
of CR as a novel cancer treatment intervention that may be
used as an adjunct to traditional treatment approaches such
as RT to improve disease control.
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LABORATORY AND CLINICAL EVIDENCE
Over a century of in vivo laboratory research has demon-
strated the utility of CR in the oncologic setting [1]. In 1909,
Moreschi demonstrated that transplanted sarcoma tumors in
mice fedaCRdietprior to the transplantationhadsignificantly
slowergrowth than those fedanad libitum(AL)diet [3].Ayear
later, Rous initiated CR after tumor induction and confirmed
Moreschi’s results showing lower ratesof spontaneous tumor
development, metastasis, and tumor recurrence [4, 5]. Tan-
nenbaum furthered the field by applying strict foodmeasure-
ment techniques toevaluate theextentofCRandshowedthat
carbohydrates may be the important macronutrient to re-
strict [6]. These findings have been confirmed in the last three
decades,demonstrating1.7- to44-fold lowerspontaneous tu-
mor growth in CR-fed mice [6, 7] than in AL-fed animals [2].
These studies demonstrate the ability of CR to slow tumor
growth by 50%–80% [3, 8–10]. Perhapsmost importantly, CR
has also been shown to lead to longer survival times after can-
cer induction [11, 12]. Recent studies have revealed slower
breast cancer growth, angiogenesis, andmetastasis [9].

Human data have paralleled animal studies, suggesting a
benefit of CR for cancer treatment [12–14]. Multiple popula-
tion-based studies of underweight patients have revealed a
significantly lower cancer incidence than in the general popu-
lation. Data from Swedish patient registries have shown a
lower risk for breast cancer in patients with anorexia nervosa
[15] and a similarDanish registry revealed a lower overall can-
cer risk [16]. A lower cancer-related death rate was also seen
in populations who have overall lower calorie consumption.
This has been shown in gastric bypass surgery patients, who
often reduce their caloric intake �50% (with patients con-
suming as low as 820 kcal/day 18 months after surgery) and
experiencea significantly lower incidenceof cancer and lower
cancermortality rate [17–20]. A study comparing cancer rates
in people frommainland Japanwith those of residents of Oki-
nawa,where significantly fewer calories are consumed, found
theOkinawapopulationtohave lowercancer ratesandcancer
mortality rates [21]. It is unknown, however, if these effects
were related toCRor the adoptionof amorewesternizeddiet
inmainland Japan.

Conversely, it is known that obesity can lead to a higher
risk for developing cancer [22, 23], and prospective studies
have demonstrated an association between obesity and can-
cer-specific mortality in multiple sites [23]. Biologically, obe-
sity is associated with high levels of circulating insulin, lower
insulin sensitivity, and insulin resistance [24]. Additionally,
breast cancer patients often undergo a period of less physical
activity and greater weight gain during treatment and subse-
quently presentwith anunfavorablemetabolic profile follow-
ing chemotherapy [25]. Weight gain after a breast cancer
diagnosis is associated with poor outcomes [26], and CR has
been shown to lower body weight and increase fat loss. Con-
sequentially, theantitumorigeniceffectsofCRseemtobepar-
ticularly relevant to our breast cancer population during
treatment and survivorship.

The relationship among insulinmetabolism, obesity, exer-
cise, and cancer has led to a recent surge of interest in dietary
interventionduringcancer treatment. This is exemplifiedwith
newer trials, such as the National Cancer Institute of Canada

MA.32 trial, which is treating early-stage breast cancer pa-
tientswith standard therapyand randomizes themtoplacebo
ormetformin, which affects severalmetabolic pathways.

MOLECULAR EVIDENCE CONNECTING CR ANDRT
The ability of CR to slow tumor growth is likely attributable to
the induction of several molecular changes (Table 1). CR in-
creases apoptosis while augmenting antiproliferative effects
and decreasing DNA synthesis [27, 28]. It is hypothesized that
this reduction in cell proliferation is amajor effect bywhichCR
decreases tumor growth [29, 30]. In fact, many novel thera-
peutic agents for cancer treatment are targetedagainstmole-
cules known to also be targets of CR, such as insulin grown
factor-1 receptor (IGF1-R), the phosphatidylinositol 3-kinase
(PI3K)/AKTpathway,mammalian target of rapamycin (mTOR)
andAMP-activatedprotein kinase (AMPK). Therefore, CRmay
be a novel anticancer intervention given thatmanymolecular
targets canbealteredsimultaneously. Furthermore,evidence
in humans suggests that CR via IF may potentiate the antitu-
mor effects of chemotherapy while protecting normal cells,
resulting in lower rates of treatment-related side effects [31].

IGF Pathway
The IGF-1R pathway plays a role in the pathogenesis of breast
cancer, and higher expression levels are associatedwith poor
outcomes [32–35]. IGF-1, a circulating growth factor that
modulates cell proliferation by binding to IGF-1R, protects
cells fromapoptosis, increasing cancer risk through activation
of insulin receptor substrate (IRS) and PI3K [32, 36]. The acti-
vation of these pathways and inhibition of apoptosis have led
tothepropositionthat IGF-1Randtheglucosepathwayshould
be considered targets for cancer treatment. Further, it has
been noted that IGF-1 is decreased in response to CR [33].

Breast tumors often express higher IGF-1 and IGF-1R lev-
els than normal breast tissue [37–40]. Overexpression of
IGF-1 is associatedwith aggressive breast cancer phenotypes,
such as triple-negative breast cancer [41, 42]. IGF-1 and IGF-1R
havealsobeencorrelatedwithearlier recurrenceand resistance
of breast cancer to chemotherapy andRTaswell as a shorter re-
lapse-free survival interval in human studies [43, 44]. Data from
other cancer sites has shown IGF-1 to decrease effectiveness of
RT,which is reversedwhen IGF-1R isblocked [45].

DRcanreduceserumIGF-1concentrationbyupto40%[1].
In a breast cancer mouse model, a CR diet decreased both
IGF-1R expression and serum insulin levels [46]. Human data
are lacking, but studies of female adolescents suffering from
anorexia reveal lower levels of IGF-1 [47].

Cytotoxic cancer treatments such as RT and chemother-
apy decrease IGF and IGF-1R levels (Fig. 1). Conversely, IGF-1
hasbeenshownto inhibitapoptosis inducedbytamoxifenand
5-fluorouracil, decreasing their efficacy in human breast can-
cer cells in a mouse model [48]. RT causes upregulation of
IGF-1Rwithinas little as10minutesof treatment [49], likely as
a survival mechanism for cancer cells after radiation-induced
damage. Inhibiting IGF-1R can increase the radiosensitivity of
breast cancer cells and thepotential therapeuticefficacyofRT
against these cells [43]. The same study revealed higher early
breast cancer relapse rates within 4 years of treatment in pa-
tientswhosetumorspecimensshowedoverexpressionof IGF-
1R. Inhibition of IGF-1R in human breast cancer cells leads to
induced apoptosis, inhibited proliferation, and enhanced ra-
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diosensitivity [50]. Fasting results in a 75% decrease in IGF-1
after 2–5 days [51, 52], while chronic DR results in only a 23%
reduction [53].

Taken together, thesedata suggest that reductionof IGF-1
and IGF-1R may increase tumor cell kill with RT, and this can
potentially be achieved through CR dietmodification using an
approach that is targeted to tumor cells.

IRS, PI3K, AKT
Both IRS-1 and PI3K have also been shown to be overex-
pressed inbreast cancer [54, 55]. IRS-1 and IRS-2 activate PI3K
following IGF-1binding to its receptor [56].AKT is thendirectly
affected by PI3K further downstream.

CR decreases IRS-1 and PI3K [57], resulting in greater radi-
osensitivity and significant tumor regrowthdelay, both in vivo
and in vitro [58–62]. AKT potently increases radioresistance
byproviding irradiated cells the ability toovercome radiation-
induced apoptosis and bypass the p53-independent G2-M
cell-cycle checkpoint [58]. Like PI3K, AKT is also reduced by CR
in mammary tumors [63]. Interestingly, disruption of IGF-1R
and the downstream PI3K and AKT pathways by nutrient de-
privation and stress also increased longevity in experiments
with C. elegans by inducing dauer [64]. Thus, CR-induced re-
duction in both PI3K and AKT may be another mechanism
throughwhich CR potentiates the antitumor effects of RT.

mTOR: The Pathway Connecting IGF andAMPK
mTOR is one of themost commonly altered cellular pathways
in tumors [65].mTOR,which isactivatedbyPI3K, regulatescell
growth via nutrient import, cell survival, protein translation,
anddecreasedautophagy [66]. Studies suggest that themTOR
inhibitor rapamycinpartiallymimics theeffects ofCRby inhib-
iting activationofAKTandmTORand simultaneously decreas-
ing circulating IGF-I [67, 68]. Inhibition of mTOR pathways by
upstream inhibition throughCRanddownregulation ofmTOR
protein productionmay also lead to radiosensitization of can-
cer cells, but this has not yet been studied in detail.

AMPK
mTOR is also inhibitedby theAMPKpathway. This recently re-
ceivedmuch attention in the oncology community because of
pilot trialsusingmetformin,whichactivates thispathway[56].
AMPK, a tumor suppressor gene [69], serves as a functional sen-
sorofcellularenergystatusandregulatesmetabolismby imped-

ing cell growth, proliferation, and metabolic signaling. It
inactivates synthesis of fatty acids and cholesterol [70] and di-
rectlyand indirectly inhibitsmTOR[71], resulting ingreatermito-
chondrial activity [72, 73]. During timesof stress,mTORengages
AMPK to promote catabolic cell behavior while decreasing the
anabolic pathwaysofproteinand fatty acid synthesis [70].

In thismanner, AMPK is activated by CR and other low en-
ergy conditions, leading to cell autophagy andmitophagy [69,
70]. CR may therefore reduce the ability of cancer cells to re-
pair damage and continue metabolism for cell survival. Met-
formin mimics CR by lowering circulating insulin, increasing
insulin sensitivity, decreasing circulating IGF-1, and decreas-
ing the IGF-1R pathway [74].

AMPK is activated by RT in breast cancer cells and poten-
tially radiosensitizes cancer cells [75]. Although the mecha-
nismof radiosensitization is unclear [71, 75, 76], loss of AMPK
results in inactivated radiation-inducedG1/S checkpoints [72]
andG2/Marrest [75].Metforminallows forAMPK to regain its
activity, leading to shorter survival timesof breast cancer cells
[77]. The loss of metabolic control after RT likely results in a
lower rate of cell proliferation, defective checkpoints, and ul-
timately greater cell kill.

Metformin has been shown to decrease the incidence of
breast cancer andmortality rate of breast cancer patients and
is currently being assessed in several phase II and phase III tri-
als [56, 78]. This combined metabolic advantage and direct
manipulation of cancer pathways, such as mTOR, PI3K, and
AKT, further exemplify the potential benefits of CR (Table 2).
CR can theoretically inhibit several critical pathways in thede-
velopment and progression of cancer, while simultaneously
rendering malignancies more sensitive to treatments such as
chemotherapy and RT.

CLINICAL TRIALS
CR, especially via fasting, is an attractive adjunctive treatment
for cancer because it is a lifestyle intervention that may pro-
vide patientswith a bettermetabolic profile.While long-term
DRmay result in chronicweight loss, IF prior to and after each
RT treatmentmay be a potential method to induce CR and in-
activate molecular pathways of radioresistance while avoid-
ing significant weight loss.

To date, CR has been successfully implemented alone in
several human trials dealing with metabolic disorders. CR
studies from the 1950s by Ancel Keys are often referenced;
however, these studies employed extreme dietary modifica-
tions whereas current CR studies have evolved to become
more tolerable for patients [79]. More recently, several CR
studies have been undertaken to evaluate the feasibility and
efficacy of CR and themetabolic changes induced in patients.
CR regimens vary widely across these trials, and although
some are extreme, for example, allowing patients only 400
caloriesperday for2months [80],mostemploy regimens that
would be more easily tolerated during a course of RT and in
normal life. Also, IF may be a method to further increase ad-
herence while mitigating weight loss and potential side ef-
fects.

Methods of measuring adherence to a diet modification
suchasCRremaindifficult inanoutpatient setting. Todate,di-
etary trials for diseases such as diabetes have relied on food
journals and questionnaires. Methods of increasing adher-

Table 1. Biologic factors affected by CR

Mitigated by CR Increased by CR

Obesity Apoptosis

Insulin resistance Decreased DNA synthesis

IGF-1 Antiproliferation

IGF1-R Tumor growth inhibition

Elevated blood glucose LKB1

AKT AMPK

PI3K Cost-effectiveness

Angiogenesis Metabolic profile

mTOR

Abbreviations: AMPK, AMP-activated protein kinase; CR, calorie
restriction; IGF-1, insulin like growth factor 1; IGF1-R, IGF-1 receptor;
LKB1, liver kinase B1;mTOR,mammalian target of rapamycin; PI3K,
phosphatidylinositol 3-kinase.
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ence include weekly meetings, frequent phone calls, cogni-
tive–behavioral techniques [81], and newer online resources
that track dietary patterns for patients who are able to be
monitored directly by the physician. Cognitive–behavioral
techniqueshave shownutility by assistingpatients in identify-
ing eating triggers and reinforcing and rewarding positive be-
haviors to help limit caloric consumption [82]. The Health
ResourceCalorie System is anothermethod to train studypar-
ticipants to estimate the caloric content of food, which may
also be employed in future studies.

POTENTIAL CONTRAINDICATIONS
Although CR, especially as IF, may provide multiple benefits
forpatientsundergoingtreatment, it isnotanoptionforallpa-
tients. Patientswhoare cachectic at presentationor at risk for
severe weight loss may not be suitable because of the risk for
furtherweight loss.ChronicDRmay impairwoundhealing [83]
and immune function [84], a potential issue for postoperative
cancerpatients aswell. This issuemaybemitigatedbyusing IF
based around RT, because it has been shown to result in less
weight loss, especially when used for only 2–3 months [85].
Also, although many radiation and medical oncologists may
approach thepotential of fastingorDR in cancer patientswith

trepidation because of studies that linked weight loss with
poor outcomes, further studies revealed this tomore likely be
a component of aggressive tumor biology and metabolism
rather than malnutrition [86]. Regardless, cachexia occurs
much less often in cancer patients than previously thought
[87], and data show that breast cancer patients more often
gainweight during treatment [88].

Whereas targeted therapy for several of the molecular
pathways discussed abovemay cause serious side effects, CR
through fasting in appropriate patientsmay actually decrease
the side effects of cancer therapy. A study in which patients
fasted before and after chemotherapy revealed less toxicity
from treatment [89]. Patients undergoing IF have also noted
less fatigue, less weakness, and fewer gastrointestinal issues
[90]. Although data regarding the side effects of CR are lim-
ited, chemotherapy data have revealed that CR via IF may re-
sult in less toxicity when combinedwith RT aswell.

CONCLUSIONS
During the last decade, the link among weight modification,
dietary changes, and their influence on cancer incidence,
treatment, and survival has strengthened. Based on the evi-
dence outlined above, the benefits to overall health, weight,

Figure 1. Molecular pathways affected by CR and irradiation. CR icon indicates pathway affected by calorie restriction. Lightening sym-
bol indicates pathways that affect radiation sensitivity. IGF-1R, AKT, IRS,mTOR, andPI3Kpathways aredecreasedwithCR, anddecrease
radiation sensitivity. LKB1 and AMPK are upregulated by CR, and AMPK activation increases radiosensitivity.

Abbreviations: AMPK, AMP-activated protein kinase; CR, calorie restriction; IGF-1, insulin grown factor-1; IRS, insulin receptor sub-
strate; LKB1, liver kinas B1;mTOR,mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase.
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and metabolic risks, coupled with the potential therapeutic
benefit of nutrient restriction by fasting, provide a compelling
case for conducting clinical trials to tests theefficacyofCRand
potential implementation in the care of cancer patients. Mo-
lecularly, both CR and RT have been shown to downregulate
several signalingpathways that arealsoupregulated in cancer
progression.AlthoughCR isnot currently implemented incan-
cer treatment strategies, studies of CR for indications other
than cancer have effectively implemented CR-based diets for
a period of 6months [81].

CR by fasting is likely an effective method to potentiate the
cytotoxicityof chemotherapyandRTbecauseof theoverlapping
inductionofmolecular profiles, and itmayalsoprovideabenefi-
cialmeansof improvingtheoverallhealthandmetabolicprofiles
of patients. At this time, clinical trials evaluating CR as a comple-
mentary therapy in the treatmentof cancer arewarranted.
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Table 2. Studies on the effects of CR

Tumor type Species
Control
diet Experimental diet Cancer-related effects vs. controls Other effects Year Reference

Mammary Mice AL 8 CR regimens 2Tumor growthb 1Survivalb,2bodyweightb 1914 4

None Rats AL (a) 20% reduced, (b) 40% reduced,
(c) varying reduction

1Survivalb,2bodyweightb 1972 14

All tumorsa Mice AL 7 CR regimens 2Tumorsc,2mitogenesisb,c 1Survivalb,2body
weightb,2body
temperatureb

1983 12

Mammary Mice AL 40% reduced 2Tumor growth,2n/size
metastases,2tumor angiogenesis,
2circulating VEGF

2Bodyweight,2insulin,
2IGF-1

2011 8

Brain Mice AL 30% reduced 2Cell proliferation,2angiogenesis,
2tumor vascularity,1tumor
apoptosis

2Bodyweight,2insulin,
2IGF-1

2002 9

Bladder Mice AL (a) 20% reduced 1Preneoplastic,1apoptosis,
2tumor progression,

2IGF-1 1997 10

(b) 20% reduced� IGF-1d 1cell proliferation,1tumors,
2tumor stage

IGF normal

All tumorsa p53-deficient
mice

AL (a) 40% reduced, (b) intermittent
CRe

2Tumor onset timeb,2survivalb 2IGF-1 (only in (a)),2body
weightb

2002 11

Mammary Rats AL (a) 10% reduced, (b) 20% reduced,
(c) 40% reduced

2nDCIS lesions,2n
adenocarcinomas,2tumor volume

2Bodyweight 1999 27

All tumorsa Mice AL 25% reduced 2Cellular proliferation 1990 28

Livera Rats AL 40% reduced 2Cellular proliferation,2DNA
replication,1apoptosis

1994 29

Livera Mice AL 40% reduced 1Apoptosis,2cellular proliferation,
2rate of hepatoma

1994 30

Prostate Rats AL 30% reduced 1Apoptosis,2tumor growth,
2angiogenesis,2VEGF expression

2IGF-1 1999 91

Pancreas Mice AL 30% reduced 2Tumor size,2dysplasia,
2proliferation,2VEGF expression,

2Bodyweight2IGF-1 2011 68

Mammary Rats AL (a) 25% reduced, (b) 40% reduced 2Tumor incidenceb 2Bodyweightb,2serum
insulinb

1989 46

Population
studies

Breasta Human AL Varies (anorexic patients) 2Tumor incidence 2004 15

All tumorsa Human AL Varies (anorexic patients) 2Tumor incidence 2001 16

All tumorsa Human AL Varies (gastric bypass patients) 2Tumor incidence 2009 17

aAssessed spontaneous tumor occurrence.
bAssociated dose response.
cBased on time point when CR initiated.
dIGF-1 given.
Abbreviations: AL, ad libitum; CR, calorie restriction; DCIS, ductal carcinoma in situ; IGF-1, insulin-like growth factor 1; VEGF, vascular endothelial
growth factor.
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